The phloem performs essential systemic functions in tracheophytes, yet little is known about its molecular genetic specification. Here we show that application of the peptide ligand CLAVATA3/EMBRYO SURROUNDING REGION 45 (CLE45) specifically inhibits specification of protophloem in Arabidopsis roots by locking the sieve element precursor cell in its preceding developmental state. CLE45 treatment, as well as viable transgenic expression of a weak CLE45
The phloem performs essential systemic functions in tracheophytes, yet little is known about its molecular genetic specification. Here we show that application of the peptide ligand CLAVATA3/EMBRYO SURROUNDING REGION 45 (CLE45) specifically inhibits specification of protophloem in Arabidopsis roots by locking the sieve element precursor cell in its preceding developmental state. CLE45 treatment, as well as viable transgenic expression of a weak CLE45 G6T variant, interferes not only with commitment to sieve element fate but also with the formative sieve element precursor cell division that creates protophloem and metaphloem cell files. However, the absence of this division appears to be a secondary effect of discontinuous sieve element files and subsequent systemically reduced auxin signaling in the root meristem. In the absence of the formative sieve element precursor cell division, metaphloem identity is seemingly adopted by the normally procambial cell file instead, pointing to possibly independent positional cues for metaphloem formation. The protophloem formation and differentiation defects in brevis radix (brx) and octopus (ops) mutants are similar to those observed in transgenic seedlings with increased CLE45 activity and can be rescued by loss of function of a putative CLE45 receptor, BARELY ANY MERI-STEM 3 (BAM3). Conversely, a dominant gain-of-function ops allele or mild OPS dosage increase suppresses brx defects and confers CLE45 resistance. Thus, our data suggest that delicate quantitative interplay between the opposing activities of BAM3-mediated CLE45 signals and OPS-dependent signals determines cellular commitment to protophloem sieve element fate, with OPS acting as a positive, quantitative master regulator of phloem fate.
stem cell | division plane switching T he vascular tissues of higher plants are an important evolutionary invention that enabled their land conquest (1) . At the heart of the plant vasculature, xylem tissue transports water and inorganic nutrients absorbed by the root system to aboveground organs, whereas phloem tissue distributes photosynthetic assimilates as well as systemic signals throughout the plant to coordinate its growth (1, 2) . In Arabidopsis thaliana (Arabidopsis) roots, the vascular tissues are formed from stem cells located at the root tip, in the root meristem (1, 3) . They create a bilaterally arranged vasculature, with central neighboring protoxylem and metaxylem cells that span the diameter of the stele, and two phloem poles that are located opposite of each other, flanking the xylem. Each phloem pole is composed of two distinct and intimately connected cell types: the sieve elements, which are the actual conductive cells of the phloem, and the companion cells, which provide essential metabolic functions for the enucleated sieve elements. Each phloem pole's sieve elements are ultimately derived from a single stem cell, which produces a daughter cell by anticlinal division (Fig. 1A ). This stem cell daughter (termed the sieve element procambium precursor cell here) then switches division plane to give rise to two cells by periclinal division. Whereas the inner cell forms a cell file of procambial character by subsequent anticlinal divisions, the outer cell (termed the sieve element precursor cell here) eventually divides periclinally once more. The cell file subsequently formed by the inner cell eventually differentiates into metaphloem further up in the root to functionally replace the protophloem (1), which differentiates closer to the tip from the cell file emerging from the outer cell. Finally, as these cell files differentiate into sieve elements, the immediately neighboring cell files (which originate from different stem cells) synchronously differentiate into companion cells, although with a delay of two to four cells with respect to the sieve elements. In the Arabidopsis root meristem, the protophloem strands can be identified in confocal microscopy through their enhanced propidium iodide cell wall staining (Fig. 1B) (4) .
Mutant analyses in Arabidopsis have identified various genes involved in the formation of vascular tissues (1, 3, (5) (6) (7) (8) (9) . In addition to upstream regulators required for overall vascular morphogenesis, these screens have also identified factors that are specifically involved in xylem or phloem development. However, whereas various signaling pathway components and transcriptional regulators required for xylem development have been found, comparatively little is known about phloem development (1) . The few identified specific regulators of phloem formation include the transcription factor ALTERED PHLOEM DEVELOPMENT (APL) (5) and OCTOPUS (OPS), a polar localized plasma membrane-associated protein of unknown biochemical function (10) . APL is required for completion of protophloem and metaphloem differentiation, and its loss of function results in the replacement of functional phloem with cells that display xylem characteristics (1, 5) . OPS loss of function has been reported to delay protophloem differentiation because in a stochastic manner, individual ops protophloem cells fail to undergo the nuclear degradation and cell wall thickening that characterizes sieve element formation (10) . These undifferentiated cells (termed gap cells here) interrupt the protophloem sieve element strand integrity and, thus, likely source-to-sink transfer of growthlimiting metabolites and developmental signals, which eventually
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The emergence of vascular tissues played a central role in the plant conquest of land. Both xylem and phloem are essential for the development of flowering plants, yet little is known about the molecular genetic control of phloem specification and differentiation. Here we show that delicate quantitative interplay between two opposing signaling pathways determines cellular commitment to protophloem sieve element fate in root meristems of the model plant Arabidopsis thaliana. Our data suggest that a recently described phloem-specific protein is a positive, quantitative master regulator of phloem fate.
compromises root growth (10) . A similar phenotype is observed in loss-of-function mutants of BREVIS RADIX (BRX) (11), another polar localized plasma membrane-associated protein that is also thought to act in the nucleus (11, 12) . The brx short root phenotype is rescued by second site mutation in BARELY ANY MERISTEM 3 (BAM3), which encodes a receptor-like kinase that is required for suppression of protophloem differentiation on treatment with the peptide ligand, CLAVATA3/EMBRYO SURROUNDING REGION 45 (CLE45) (13) .
Results and Discussion
To better characterize CLE45 effects, we sought to establish a specific molecular marker for sieve element fate. The COTYLEDON VASCULAR PATTERN 2 (CVP2) gene, which is required for vascular morphogenesis (14) , turned out to specifically mark the sieve element precursor cell and the subsequent protophloem cell file, as revealed by a nuclear localized fluorescent VENUS reporter protein expressed under control of the CVP2 promoter (CVP2::NLS-VENUS) (Fig. 1C) . In seedlings shifted onto media containing CLE45, CVP2 expression disappeared concomitant with cell wall build-up (Fig. 1 D and G) , confirming that CLE45 suppresses protophloem differentiation (Fig. 1 E-G) (13) . Moreover, the periclinal division of the sieve element precursor cell did not occur, leading to a loss of the incipient metaphloem cell file (Fig. 1 D, E , and J). Transient treatments revealed that CLE45 only acted on cells that had not yet started the differentiation process (Fig. 1H ) and that its effects were reversible; that is, cells formed during CLE45 treatment started to express CVP2 and differentiate into protophloem (as indicated by recovery of APL expression) once seedlings were shifted to CLE45-free media ( Fig. 1I and Fig. S1A ). Thus, the data suggest that CLE45 treatment locks the sieve element precursor cell in its preceding developmental state, and thereby prevents protophloem differentiation.
Because we could not recover transgenic lines with increased CLE45 dosage (13), we constructed a weak CLE45 variant to verify these effects in planta. The amino acid at position 6 of CLE peptides is crucial for their activity (15) , and indeed, replacement of the corresponding glycine by threonine yielded a CLE45 variant (CLE45 G6T ) that had identical effects as the wild-type version but required application of higher peptide concentrations (Fig. 1K) . Plants that expressed a corresponding CLE45::CLE45 G6T transgene could be recovered, and in all of these independent lines, root growth was impaired (Fig. S1B) , the periclinal division of the sieve element precursor cell was frequently abolished, and protophloem differentiation was frequently delayed ( Fig. 1L and Fig. S1C ). Moreover, CLE45::CLE45
G6T transgenics displayed stochastic occurrence of nondifferentiating protophloem cells, which were morphologically similar to the gap cells observed in brx and ops mutants ( Fig. 1 M and N) . Thus, a mild increase in CLE45-like activity interfered both with the formative division that gives rise to the metaphloem and protophloem cell files and with protophloem differentiation.
These results supported the notion that the gap cell phenotype of brx mutants reflects stochastic above-threshold activity of the CLE45-BAM3 pathway (13) . Further corroborating the phenotypic similarity between increased CLE45 dosage and BRX loss of function, closer inspection of brx mutants revealed a previously unrecognized phenotype; that is, the absence or severe delay of the sieve element precursor cell's periclinal division in the majority of phloem poles ( Fig. 2 A and C) . The same phenotype, although at possibly lower penetrance, was also observed in ops mutants ( Fig. 2 B and C) . In summary, CLE45::CLE45 G6T plants, brx mutants, and ops mutants all displayed a similar phenotype spectrum that included frequently absent sieve element precursor division, the occurrence of gap cells, and an associated reduction in the number of early dividing protophloem cells, in root meristem size and root growth ( Fig. 2 D and E) . Notably, even in the absence of the incipient metaphloem cell file in the three genotypes, cells with metaphloem morphology appeared in the correct position, possibly because the normally procambial cell file adopted metaphloem identity.
Gap cells are located in the protophloem transition zone (Figs. 1A and 2E), and characterization of wild-type and the ops mutant has shown that this is where key events of protophloem sieve element differentiation take place, such as cell wall thickening and nuclear degradation (10, 16) . To further characterize brx gap cells, we introduced a nuclear marker into the mutant, the stabilized fluorescent fusion protein mDII-VENUS, expressed under the constitutive 35S promoter (17) . Investigation of these lines revealed that brx gap cells indeed displayed a persisting nucleus concomitant with the lack of cell wall thickening, similar to ops gap cells (Fig. 2F) (Fig. 2G) . Finally, the failure to form a continuous file of proper protophloem sieve elements possibly impinges on the differentiation of the neighboring companion cells because expression of the companion cell-specific SU-CROSE TRANSPORTER 2 (SUC2) gene, monitored by a fluorescent reporter (SUC2::GFP) (19), was frequently patchy or absent in brx phloem poles (Fig. 2 H-K) . Consistent with this observation, CLE45 treatment also suppressed SUC2::GFP expression ( Fig. 2 K and L) .
The close relation between the action of BRX and OPS in protophloem formation was also underlined by our finding that one of the loci emerging from a brx second site suppressor screen (13) mapped to the OPS locus. The corresponding ops allele carries a glutamate to lysine mutation in position 319 (E319K), which segregated as a dosage-dependent semidominant suppressor locus (Fig. 3A and Fig. S1D ). In the F1 obtained from crosses between the ops loss-of-function and the ops E319K mutant, the ops root growth defects were fully restored, suggesting that ops E319K is a genuine, fully active gain-of-function allele (Fig. 3B) . Moreover, we observed dosage-dependent OPS action in plants expressing extra copies of wild-type OPS fused to GFP under control of the native OPS promoter (OPS::OPS-GFP; this transgene was functional, as indicated by its ability to rescue the ops mutant phenotype) (Fig. 3C) . When introduced into brx mutants, this construct rescued the root phenotype to varying extents, apparently correlating with OPS-GFP signal intensity in individual lines and frequently conferring near-wild-type levels of root growth (Fig. 3D) . Concomitantly, the missing sieve element precursor division was restored (Fig. 3E ) and gap cells were absent. When introduced into wild-type background, OPS::OPS-GFP transgene copies conferred resistance to CLE45 treatment (Fig. 3F) , and the same was true for the ops E319K single mutant ( Fig. 3 G and H) . Thus, an increase in OPS activity was sufficient to overcome the inhibitory effects of CLE45 treatment. This CLE45-resistance through enhanced OPS activity largely depended on the presence of functional BRX (Fig. 3F and Fig. S1D ), suggesting that BRX conditions OPS action by keeping CLE45-BAM3 activity below a certain threshold level. Finally, corroborating this dose-dependent opposition between CLE45 and OPS action, ops root growth and protophloem differentiation defects were perfectly rescued in bam3 ops double mutants (Fig. 3 I and J) , similar to bam3 brx double mutants (13) .
The highly specific meristematic reporter gene expression patterns of the five genes analyzed in this study matched a role in protophloem differentiation (Fig. 4A) . OPS expression was also observed outside of the protophloem lineage, in the metaphloem, indicating that OPS may operate more generally during vascular development. The observation of the reporters' expression across a number of samples that represented various stages in the differentiation process (e.g., samples in which two or three sieve element precursors could be observed because they had not yet divided compared with samples in which this was only the case for one) allowed us to establish a spatiotemporal hierarchy of expression (Fig. 4B) . OPS was thus expressed earliest and was consistently present in the sieve element procambium precursor cell, whereas BRX, BAM3, CLE45, and CVP2 could only be detected in the sieve element precursor cell. However, although CLE45 expression was typically observed immediately after its formation, BRX and BAM3 were expressed with some delay, and CVP2 even later. These expression patterns are consistent with the observed defects in protophloem differentiation but are also consistent with the absent formative division of the sieve element precursor cell. However, it appears unlikely that the acquisition of sieve element precursor fate includes an obligatory periclinal cell division, because in roots grown on CLE45-containing media for 4 d and then shifted onto CLE45-free media, protophloem differentiation occurred within 20 h (as determined by CVP2 expression, APL expression, and cell wall build-up). In contrast, the missing cell division had not yet been recovered at this point in most samples (Fig. 1I) . Conversely, in roots grown on CLE45-free media for 4 d and then shifted onto CLE45-containing media, protophloem differentiation was repressed within 20 h, whereas the periclinal sieve element precursor cell division was only fully suppressed in all samples after 30 h.
The frequent lack of this division in the brx, ops, and CLE45:: CLE45 G6T genotypes might therefore be an indirect effect of the interruption of protophloem sieve element files by undifferentiated cells (Fig. S1E) , which could interfere with the transport of metabolites and systemic signals, such as the plant hormone auxin, to the meristem (1, 2, 10, 13) . Because it has been suggested that threshold levels of auxin are necessary for periclinal cell divisions in the root meristem (20) , and because higher auxin activity was detected in developing protophloem compared with surrounding tissues (21) (Fig. S1F) , we investigated whether a reduced meristematic auxin response, as indicated by the auxin sensor DII-VENUS (17), could be responsible for the absence of the sieve element precursor cell division. Consistent with these observations, CLE45 application resulted in reduced auxin response in the root meristem on prolonged, but not on short (i.e., a few hours), treatment (Fig.  4C) . Observation of seedlings treated with CLE45 for 24 h also indicated coincidence of undetectable levels of DII-VENUS (i.e., high auxin activity) with the last periclinal sieve element precursor division before CLE45 application, and low auxin activity in cells formed thereafter (Fig. 4D) . Moreover, treatment of seedlings with auxinole, a specific inhibitor of the nuclear auxin receptors, and thus auxin response (22, 23) , abolished this division when applied at mild concentration (Fig. 4 E and F) , suggesting it is particularly sensitive to changes in auxin activity. Given that BRX has been implicated in potentiating auxin response (11, 24) , this would also explain why the penetrance of the observed phenotypes was highest in brx mutants. Remarkably, however, root growth rate and meristem size were only mildly impaired in auxinole-treated roots, despite the absence of the incipient metaphloem cell file (Fig. 4G) , and protophloem differentiation was not affected. This underlines the proposed essential function of the protophloem for root meristem growth in the early seedling and systemic performance of the root system later on (13, 25) . Systemically reduced auxin activity could also account for the observation that on CLE45 treatment, and in brx or ops loss-of-function mutants, overall cell number was sometimes slightly reduced in the radial dimension beyond the two missing incipient metaphloem cell files (e.g., Fig. 1J) .
In summary, our data suggest opposing activities of BAM3-mediated CLE45 signals on one side and OPS-dependent signals on the other. Their quantitative interplay is sensitive to both CLE45 and OPS dosage and determines the proper timing of protophloem specification and the progression of its differentiation. Our analyses suggest these pathways act specifically on sieve element precursors, although based on expression pattern OPS might even have an earlier role. Notably, both brx and ops loss-offunction mutants are, in principal, able to form sieve elements, although at a reduced frequency. Considering that CLE45 specifically blocks precursor cells from adopting sieve element fate, the main role of BRX and OPS is therefore apparently to promote the transition to this state and to maintain it. The existence of independent positional cues for sieve element differentiation is also suggested by our observation that even in the absence of the incipient metaphloem cell file in brx and ops mutants, cells with metaphloem morphology differentiated in the correct position, possibly because the normally procambial cell file apparently adopted metaphloem identity. Because CLE45 can fully suppress any protophloem differentiation, the gap cells in the protophloem transition zone of brx and ops mutants might reflect incompetence to respond to such cues because of stochastic above-threshold activity of the CLE45-BAM3 module. Finally, we describe a genetic framework that is specific for protophloem sieve element differentiation, which, however, is possibly also necessary for parallel differentiation of companion cells, and thus the formation of functional protophloem poles. However, because loss-of-function brx bam3 or ops bam3 double mutants appear to be wild-type, our data also indicate that neither of these genes is strictly required for protophloem formation. Thus, they might constitute an additional regulatory layer, which could, for instance, serve to convey environmental signals in conditions in which a shutdown of primary root growth might be advantageous. The associated systemic effects, for example, ref. 25 , would support such a scenario.
Materials and Methods
Plant tissue culture, CLE peptide treatments, plant transformation, histology, light microscopy, and confocal microscopy, as well as molecular biology experiments such as genomic DNA isolation, genotyping, or sequencing, were performed according to standard procedures, as described previously (11, 13) .
The OPS suppressor locus was identified by combined bulk segregant analysis and whole-genome sequencing, followed by confirmation through Sanger sequencing, as described (13) .
Plant Materials. The Arabidopsis wild-type line used in this study was Columbia (Col-0), which was also the genetic background for the mutants and transgenic lines. The following null mutant alleles were used throughout: brx-2 for BRX, bam3-2 for BAM3, and ops-2 for OPS. These mutants, as well as the transgenic reporter lines 35S::DII-VENUS, 35S::mDII-VENUS, and 35S:: FIMBRIN-GFP, have been described previously (10, 13, 17, 18) .
Transgenic Lines. Reporter transgenes for plant transformation were created in suitable binary vectors and produced through standard molecular biology procedures and/or the Gateway Cloning Technology. The promoters or coding sequences for the BAM3, BRX, and CLE45 reporter constructs have been described previously (13) . For cloning of the CVP2::NLS-VENUS construct, a 1.5-kb genomic promoter fragment upstream of the initiation codon was amplified using the 5′ to 3′ oligonucleotides GGT TTG TGG CAA TTT GTA TCC and GCT TTT AAA TTC CAT GAA GAT GGG C. For cloning of the SUC2::GFP construct, a 2.3-kb genomic promoter fragment upstream of the initiation codon was amplified using the 5′ to 3′ oligonucleotides AGT CAT TAT CAA CTA GGG GTG CAT and ATT TGA CAA ACC AAG AAA GTA AGA AAA. For cloning of the BAM3::BAM3-CITRINE construct, the BAM3 coding sequence was amplified using the 5′ to 3′ oligonucleotides ATG GCA GAC AAG ATC TTC AC and GAA AGT ATT AGG CTG TTT AG. For cloning of the OPS::OPS-GFP construct, a 1.9-kb OPS promoter fragment was amplified together with the (intron-free) OPS coding sequence using the 5′ to 3′ oligonucleotides GCG GTG TAA TCA TTA TTT CGT and TAT ACA GCC TCA TTA CAC TCC. To generate the CLE45::CLE45
G6T construct, a replacement of the glycine in position 6 by threonine was introduced in the CLE45 peptide coding sequence by amplification with the 5′ to 3′ oligonucleotides ATG TTG GGT TCC AGT ACA AGA and AGG ATC TGA TGT TCG TCT, followed by secondary amplification with the 5′ to 3′ oligonucleotides ATG TTG GGT TCC AGT ACA AGA and TTA AGA AAA TGG CTG AGC TT to introduce the mutation. All binary constructs were introduced into Arabidopsis backgrounds by Agrobacterium-mediated transformation following standard procedures. At least three independent transgenic lines were used for each construct to perform experiments and verify reproducibility.
Genotyping. Genotyping of mutant alleles was performed with the following 5′ to 3′ oligonucleotides: GTC AGT GTT TGC TTC CTC TCT ATG and TAT TTC CTT GTC TAG GTA AGA ATC C and TGA TCC ATG TAG ATT TCC CGG ACA TGA A in one reaction to genotype brx-2 (wild-type band 240 bp; T-DNA insertion band 200 bp); CTG CAA CTT CTT CTC CGT TTG with CTG CAA CTT CTT CTC CGT TTG to genotype the BAM3 wild-type allele (1.1 kb) and GAT TCC TTC GAA ACT CGG ATC with ATT TTG CCG ATT TCG GAA C (300 bp) to genotype the bam3-2 T-DNA insertion allele; CAC ACC GTT GGT TTG GTT AAC with TCT TCC TCT AAA AAG CCT CCG to genotype the OPS wild-type allele (1.1 kb) and TCT TCC TCT AAA AAG CCT CCG with ATT TTG CCG ATT TCG GAA C (600 bp) to genotype the ops-2 T-DNA insertion allele; and CTT CAG AAA TGG AGG CAG AAT and CAT ATC CGT AAT CAG CAA GCT to amplify a 145-bp OPS fragment that is cut into 124 and 21 bp on HinDIII digest if the ops E319K mutation is present.
